Abstract The paper deals with experimental investigations of the influence of laser beam and plasma arc cutting parameters on edge quality of a range of steel grades and thicknesses. Based on the experimental results, a variety of methods have been taken to carry out the analysis of influence of laser beam and plasma arc cutting parameters on the quality and mechanical properties of cut edges of selected high-strength low-alloy (HSLA) strips and plates. In this study, three approaches were investigated corresponding to rank correlation analysis, multidimensional data analysis and decision trees. These techniques were able to elucidate the most relevant cutting parameters as well as the optimal field of values of these parameters to give the required geometrical and mechanical quality levels. As a result of this study, general rules in the form of cutting procedure specifications were established. This was needed to describe the relation between laser beam or plasma arc cutting parameters and the geometrical and mechanical quality factors of cut edges of different medium-and high-strength steel materials. The proposed rules can be also adopted for providing a comparison between the surface qualities achievable by the different combinations of cutting parameters for laser beam and plasma arc cutting processes of medium-and high-strength steels.
Introduction
Virtually all steel products are cut at some stage during manufacture, fabrication and construction, and a range of cutting processes can be used depending on thickness, number of components, edge detail and final application. In many cases such as line-pipe, the cut edge is welded, but in other cases such as bridges, construction and earth-moving equipment (yellow goods) and ship structures, the as-cut free edge can form an integral and highly stressed part of the structure (see e.g. [9] for more details). The characteristics of these cut edges depend on the process used and the properties of the steel. In many steel structures, a cut edge quality is a key performance requirement, and for un-welded cut edges, reducing the sensitivity to fatigue and fracture in service is crucial. Specifications in these standards are often unclear in terms of the demanded quality level and magnitude of the effects of processing parameters and characteristics of the cut edges on failure sensitivity. Application standards do not reflect the capabilities of modern cutting techniques such as laser beam and plasma arc cutting processes. These can have major advantages in terms of medium-and highstrength steel (MSS and HSS) strips' and plates' cut edge quality, tolerances, productivity, speed and cost.
There are many recent examples of the increasing use of laser and plasma-arc cutting in the bridge, ship, yellow goods and defence equipment sectors because of the numerous benefits these cutting techniques provide. In many steel structures, cut edge quality is crucial with regards to both minimising pre-welding operations and, in the case of subsequently un-welded cut edges, reducing the sensitivity to fatigue and fracture in service. In view of this, a number of structural steelwork design and construction standards place restrictions on the use of thermally cut edges, particularly where the application involves fatigue loading. This includes hardness limits, the need for subsequent the heataffected zone (HAZ) removal by grinding and conservative assumptions on fatigue performance. However, requirements in these standards are often unclear. It is increasingly evident in terms of the magnitude of the effects of different cutting parameters on the characteristics of the cut edges and subsequently on failure sensitivity, and specifically on capabilities of modern cutting techniques such as laser beam and plasma arc. BS EN ISO 9013 [3] defines quality levels as perpendicularity and roughness classes, but no indication of what performance level can be expected, neither what is needed in practice for a specific application. BS EN 1090-2 [2] specifies the required cut quality class of BS EN ISO 9013 for different execution classes of steel structures. The execution class and production class must be considered in the context of the consequence of failure. The three consequence classes of BS EN 1090-2 are high-CC3 (e.g. public or multi-occupancy buildings), medium-CC2 (e.g. residential and office buildings) and low-CC1 (e.g. unmanned structures). BS 7608 [1] cross-references Rz5 requirement of BS EN ISO 9013 in order to justify the use of a Class-C fatigue design line for as-cut edges.
An additional aim is to link the European standard quality levels with the expected performance level to enable users to better decide on the appropriate quality level for their service conditions and required life. Processes such as laser and plasma cutting can have major advantages in terms of cut edge quality, tolerances, productivity, speed and cost. There is limited guidance on how the parameters of laser and plasma arc processing can be optimised for cutting different steel grades and thicknesses. Currently, these techniques cannot be fully exploited in a wide range of steel user sectors due to code restrictions, limited understanding of the relevant characteristics of the edge and the lack of a systematic study on the edge performance under demanding loading conditions. Both laser cutting and plasma cutting are used to profile materials during fabrication of critical components in engineering structures such as bridges, pressure vessels and material handling equipment (see [11] and [15] for details). Typically, plasma cutting is currently used for thick gauge steel (e.g. > 15 mm), but because laser cutting allows faster and lower heat input cutting (compared to plasma cutting), where available, it is often favoured for lighter gauges (e.g. < 15 mm). The upper gauge limit for laser cutting is related to the maximum power of the laser beam. The continuing advances in higher powered laser systems look likely to extend laser cutting to heavier gauges. It is, therefore, increasingly likely that situations will arise where identical gauge steels may be profiled using both cutting processes depending on location and availability.
Related work and motivation
There are many studies dealing with the problem of qualitative and quantitative analysis of the influence of laser beam or plasma arc cutting parameters on the cut edge quality level and mechanical properties of different materials. For instance, in the case of the laser beam cutting process, the author of [17] analysed the effect of cutting parameters on the percentage of kerf variation for mild steel sheets with 12-mm thickness. His observation was that laser power intensity and oxygen gas pressure had a significant effect on the percentage of kerf width variation. The depth of striation was increased in case of growing laser power and oxygen gas pressure, and the premature formation of dross on the cut surface was possible when the cutting speed and oxygen gas pressure was reduced. A topographic function as a basis for the prediction of quality and control of the laser cutting technology was developed in the paper [10] . The proposed model includes the direct influence of technology parameters such as material thickness, laser cutting speed, laser power, gas pressure and nozzle diameter on the roughness. Therefore, it can be used for the determination of optimised values of these process parameters as well as for the online control of them. In [13] , the author studied the scaling laws for the oxygen-assisted laser cutting of low-carbon steel of 5-25-mm thickness taking into account two criteria: no dross and minimal roughness of the cut surface. The author proposed formulas to determine the optimum values of the laser power and cutting speed for the given sheet thickness. These optimum parameters were applied to study the energy balance of oxygen-assisted laser cutting. The most important conclusion is that the absorbed laser energy, oxidation energy, thermal losses and melting enthalpy related to a sheet thickness unit do not depend on the sheet thickness when cutting with the minimal roughness. These investigations enabled the determination of the fraction of the oxidised iron in the melt and thermal efficiency during cutting with minimal roughness. Theoretical and experimental studies were also carried out by Ermolaev et al. [7] on specific features of hybrid laser-assisted oxygen cutting of mild steel sheets with the thicknesses up to 50 mm and more. The authors proposed a method for analytical calculation of effective cutting parameters depending on the material thickness, nozzle geometry and range of oxygen pressure. Moreover, they formulated engineering recommendations which can be used to perform full-scale experiments on an automated laser.
Similar efforts were made for understanding the relation between plasma arc cutting parameters and the geometrical and mechanical quality factors of cut edges of different materials. A model for calculating the profile of the cut under different conditions is proposed in the paper [12] . This model can be used to identify the cutting speeds for plates of various thicknesses (from 4.8 to 50.8 mm) at which the squareness of the cut is acceptable. The authors of the paper [6] analysed the effects of the gas mixtures in plasma arc cutting of austenitic stainless steel in thicknesses 15, 25, 30 and 50 mm. They showed the influence of N 2 and air in the plasma arc column on the chemical composition and microstructural characteristics of the kerf surface which in turn influences machinability and weldability. A methodology for designing experiments was applied in [8] to investigate the effects of plasma arc operating parameters (air pressure, cutting speed, current flow rate and arc gap) on the cutting of different engineering materials. They analysed the optimal settings required for obtaining a high quality of surface taking into account factors such as material removal rate and surface roughness. These studies were carried out for stainless steels (3 and 6 mm), aluminium (3 and 6 mm) and mild steels (3 and 6 mm). The author of [16] analysed the quality of plasma cut edges generated on S355 structural steel in order to establish their influence on durability. The author found the optimum process parameters to minimise the level of cut edge microstructural and surface damage of hot-rolled steel product (8 mm thick). The verification studies of this paper can be also viewed as guidance for the fabrication of structural steel for optimum cut edge durability. Another important results in this matter are included in [14] . The authors have experimentally investigated the problem of assessing the quality of the cut in the plasma arc cutting process. Quality measures were estimated taking into account the kerf taper angle, the edge roughness and the size of the heat-affected zone. A regression analysis of the experimental results (obtained for S235 mild steel of 10-or 20-mm thickness and AISI 204 stainless steel of 4-or 6-mm thickness) was performed to study the influence of operating parameters such as the cutting power, scanning speed, cutting height and plasma gas pressure on the cutting quality.
Based on this review of the state of the art, it can be seen that there have been only a few applied research and practical studies to systematically evaluate the effect of laser and plasma process parameters on cut edge quality. In this paper, the authors used different methods such as a multidimensional data analysis, rank correlation analysis and decision tree techniques. It was needed to establish general rules (cutting procedure specifications) describing the relation between laser beam or plasma arc cutting parameters and the geometrical and mechanical quality factors of cut edges of different HSLA materials. This article presents a partial result of the project that is co-financed by the Research Fund for Coal and Steel of the European Commission under grant entitled 'High performance cut edges in structural steel plates for demanding applications'.
Problem formulation and applied research methodology
The principal objective of the study is to experimentally and numerically quantify the influence of laser beam and plasma arc cutting parameters on the cut edge quality level and mechanical properties of a selection of medium-and highstrength steels. Such experiments and analysis are necessary to enable optimisation of high-efficiency cutting processes for demanding industrial applications. The quality of laser beam and plasma arc cut edges of steel strips and plates, defined by the BS EN ISO 9013 and BS EN 1090-2 standards, has a strong influence on the fatigue and fracture resistance of structures made from these components.
There are many aspects which control the fabrication and in-service performance of cut edges in terms of forming, fatigue and fracture resistance. However, fabricators and steel users are currently limited to the use of the BS EN ISO 9013 in order to quantify thermal cut edges. This standard applies to oxy-fuel, plasma and laser cutting and deals with geometrical tolerances alone. The principal quantitative characteristics for cut quality given in the BS EN ISO 9013 are perpendicularity and the mean height of the profile. The perpendicularity tolerance is the measure of the degree to which the cut is not flat. The perpendicularity is not absolute, the measurement being made from the line linking the top and bottom edge, regardless of the angle. A number of ranges that are used in the BS EN ISO 9013 to determine the quality of cut surfaces are shown in Table 1 . The following notation is introduced: a represents deviation from perpendicularity, u is the mean value of cut surface roughness, Rz5 corresponds to the mean value of height of face profile for thermal cut edge of steel strips and plates for a thickness ranging from 8 to 25 mm, and blue rows denote quality limits of laser and plasma arc cut edges.
Surface topography (roughness) is evaluated using a surface profilometer. The parameters are determined for each sampling length, and the mean/maximum value for the evaluation length from five line scans is calculated in order to provide a better statistical estimate. Dross adherence to the bottom edge of thermally cut steels is an important industrial quality parameter of thermal cut edges as it affects the degree of re-work. The following scheme for dross adherence (DA) quality levels has been adopted in the current study: QL DA = 1: no dross; QL DA = 2: weak adherence (flakes off by hand); QL DA = 3: medium adherence (removed by wire brushing); and QL DA = 4: strong adherence (mechanical removal required). The ability to bend cut plate is very important in order to produce a wide range of fabrications. Also, it is often advantageous to produce as tight a bend as possible, with confidence that no cracking will occur. Bend testing of as-cut edges is frequently included in evaluations of formability capacity of the edge. Typically, test bends are made around a former with diameters down to 1 − 1.5t in the case of strip, where t is the material thickness, with the requirement that no edge cracking occurs. The conventional test is with the rolled faces forming the tension and compression faces of the bend as this reflects fabrication practice.
To examine the influence of the thermal cutting parameters on the mechanical plastic properties of the whole area of the edge (parent metal + HAZ), bending tests were carried out at a range of bend radii to cover those in EN 10149 pt. 2, EN 10025 pt. 4 and EN 10025 pt. 6 for steel strip and plate [4, 5] . The former diameter d = 2t provides the sharpest bending condition using three types of bending areas (Figs. 1 and 2): side bend with top plate face in tension (B1), side bend with bottom plate face in tension (B2) and face bend with as-cut face in tension (B3).
Laser beam and plasma arc cutting experiments
HSLA steel strip grades S355MC and S700MC in thickness 8 mm and plate grades S355M at 25 mm and S890Q at 15 mm were selected for laser beam and plasma arc cutting experiments in this study ( Table 2 ). These materials were chosen taking into account the aim of covering a range of end uses, processing routes, microstructures and compositions. The thickness of 15 mm is typically the threshold value for which the economics of laser beam vs plasma arc cutting become important. Moreover, it is also the value at which limitations on laser cutting start to take consequence in codes. The carbon equivalent values (CEVs) range from 0.37 to 0.52 ensuring a range of responses to cutting in terms of edge hardness and microstructures. Rp0.2 ranges from 381 to 947 MPa, whereas T27J transition temperatures cover the range from −37 to −81˚C. The selected cases of materials correspond to steels and thicknesses commonly used in a variety of construction and earth-moving equipment applications (yellow goods, mobile cranes) and structures (bridges, steel-framed buildings).
The laser cutting experiments were executed on a CNC laser type TRUMPF TruLaser 5060 at ZTiKS BUMAR ABDY S.A. Gliwice, Poland. The selected laser source is a CO 2 laser with TEM01 spatial mode and SIN840D control system. Oxygen as an assist gas is introduced co-axially with the laser beam through a conical nozzle. The range of laser beam power varies from 250 to 5000 W. The maximum cutting speed of the CNC machine is equal to 40 m/min (the speed and the accuracy of positioning equal 300 m/min and ±0.1 mm, respectively). The other significant parameters of the CNC machine are as follows: a laser beam diameter of 15.0 μm, a gas nozzle diameter of 1.7 mm, a laser beam divergence angle of 1 mrad and a focus length of 190.5 mm.
Two types of CNC machines were used for conducting the plasma arc cutting experiments. Both machines were located at ZTiKS BUMAR ABDY S.A. Gliwice, Poland. The first machine (MicroStep PLS 12001.30P) was used for cutting strip steels (S355MC and S700MC 8 mm thick). The cutting torch type of this machine is HPR 260. In this machine, the range of cutting current varies from 30 to 260 A, and the maximum cutting thickness is equal to Fig. 2 Geometry of the specimens to study the influence of HAZ on the bending angle of thermal cut steel strips and plates 50 mm. Oxygen plasma and air shielding gases were used in this type of machine. The second machine (MicroStep MG 12001.60.Pr) was employed for preparing specimens from S355M 25-mm-thick steel plate. In this machine, a 2*HPR260 type of cutting torch is used, whilst the rest of parameters are the same as in the previous case.
The laser cutting parameters (operating parameters) considered in the present study were laser beam power (LBP), cutting speed (CS), depth of focus (DoF) and assist gas pressure (AGP). On the other hand, the operating parameters of plasma arc cutting process were plasma arc current (C), cutting speed (CS), torch standoff (TSO) and plasma gas flow rate (PGF). The setting values of these parameters strongly depend on steel grade and thickness, and therefore, these were determined by the domain expert taking into account the manufacturer's recommendations for parameter settings. The laser cutting parameters were varied discreetly depending on the material being cut in the following ranges: laser power 3 − 5 kW, cutting speed 0.7-3.2 m/min, depth of focus -1-3 mm and assist gas pressure 0.2-1 bar. Similarly, operating parameters for plasma arc cutting were regulated in the ranges: current 90-240 A, cutting speed 0.7-3.5 m/min, torch standoff 2.4-5.4 mm and plasma gas flow rate 50-90 l/min.
The overall results of both cutting experiments are included in Tables 3 and 4 . These results deal with geometrical quality examinations and bending tests of cut specimens obtained for different variants of operating parameters of the laser and plasma arc cutting processes. For identification of specific material and cutting combinations, the following descriptions were chosen for tracking and identifying the various combinations of grade-thickness-condition: grade (S355 → 3, S460 → 4, S690 → 6, S700 → 7, S890 → 8), thickness (8 mm → 8, 15 mm → 15, 25 mm → 25) and condition (base metal → BM, laser cut → L, plasma cut → P, window of optimum parameters →W). The perpendicularity or angularity tolerance was measured using a Mitutoyo Digimatic Heightgage, whereas the mean height of the profile was measured using a Surftest SJ-210 Mitutoyo profilemeter (measurements were made along 3 lines: 1-middle of the boundary separation layer zone, 2-as per the BS EN ISO 9013 in the upper one-third from the top cut edge and 3-middle of the turbulent layer flow zone). Boundary separation layer is the zone where the distinct striations visible in the upper part of laser cut edges becomes less marked. Dross adherence to the bottom edge of the laser cut specimens was examined by the domain expert. The mechanical properties of the whole area of cut edges were investigated using B1, B2 or B3 bending test. Some examples of specimens obtained during the experimental testing are presented in Fig. 3 in order to illustrate a view of results of geometrical quality examinations and bending tests.
Analysis and discussion
The main purpose of the data analysis was to determine whether it is possible to establish the field of operating values of laser and plasma arc cutting parameters for selected steels of different thickness and grades in order to obtain the desirable class of cutting quality. A variety of approaches have been taken to carry out the preliminary analysis of data presented in Tables 3 and 4 including rank correlation analysis, multidimensional data analysis and decision trees. The investigations were carried out separately for each case of the selected materials. Basic parameters of laser beam and plasma arc cutting processes such as laser beam power (LBP), depth of focus (DoF), cutting speed (CS), assist gas pressure (AGP), current (C), torch standoff (TSO) and plasma gas flow rate (PGF) were considered as independent variables. On the other hand, the quality levels (QL u , QL Rz5 and QL DA ) corresponding to geometrical features such as mean value of perpendicularity deflection (u), mean value of cut surface roughness (Rz5) and dross adherence (DA) were used as dependent variables.
The Spearman's rank correlation analysis (Table 5a , b) was performed in order to identify dependencies between operating parameters and quality measures. The higher absolute values indicate a correlation between individual cutting process parameters and individual quality class number. Positive values represent proportional relations, whereas negative values indicate inverse proportional Table 2 Overview of principal properties and compositions of selected materials Empty cells show where there was no significant variability of quality classes in the experiments e.g. all samples were classified into one group. The obtained results confirm that there is no significant correlation between selected cutting parameters and the quality factors. It can be noted here that the value of rank correlation coefficient larger than 0.8 is considered as significant. In the next step, the radar chart technique was used in order to establish a set of optimum parameter values for both cutting processes on the basis of geometrical quality factors. This is a graphical method of displaying multivariate data in the form of a 2D plot which can be created for three of more quantitative variables. Cutting parameters are represented on axes (called spokes) starting from the central point. The data length of a spoke is proportional to the range of the variable (cutting parameter). Since the range of values of cutting parameters varies widely, it was necessary to apply a feature scaling method. The left and right arbitrary boundaries of the range of the cutting parameter are equal to 0.3 and 1, respectively, for each cutting parameter. A line of a specified colour corresponding to a given quality level is drawn connecting the data values for each spoke, and this gives the plot a star-like appearance (each star represents a single specimen). This chart can be used either to find observations (specimens) which are most similar (clusters of observations) or to detect outliers. In such a way, the radar chart can be used by the experts as a tool for heuristically evaluating cutting process parameters in the context of the quality level of the straight cut edges. Example results are illustrated in Figs. 4 and 5.
The first radar chart presented in Fig. 4a can be interpreted as follows. The solid red line represents laser cut specimens that were classified into the first class of quality taking into account each geometrical measure simultaneously (QL u = 1 and QL Rz5 = 1 and QL DA = 1). The dotted blue line shows specimens that were in the group where at least one quality factor was not in the first class (QL u = 1 or QL Rz5 = 1 or QL DA = 1). Based on this chart, it is easy to observe that the most important cutting parameters for this material are LBP and CS. This is due to the fact, that the first quality level in the context of u, Rz5 and DA can be obtained for particular values of cutting parameters LBP and CS (LBP must be set to 4.8 kW and CS must be set to 2.8 m/min), whilst values of AGP and DoF can be varied. Moreover, it might be interesting to consider the optimal values of LBP and CS parameters when AGP is set to 0.6 bar and DoF set to 1.3 or 1.5 mm in order to complete the field of optimal values of cutting parameters in this type of material.
The next chart is given in Fig. 4b . The red solid lines were used to show specimens belonging to the first or second class of the quality (QL u = 1.2 and QL Rz5 = 1.2) when only two geometrical features were taken into consideration (u and Rz5). From this plot, it is possible to conclude that the first or second level of the cutting quality in the case of S355MC steel strip 8 mm thick cannot be obtained for the minimum values of LBP or CS (that means for LBP = 3 kW or CS = 1.5 m/min). In the case of plasma arc cutting, it was not possible to obtain specimens made of S355MC and S700MC materials that could be classified into the first class with regards to QL u . It is easy to observe in Fig. 5a that for this case it was only possible to have one specimen falling into the first class of QL u . Moreover, there were some specimens for which QL u was equal 1 or 2 and QL DA was equal 1 (Fig. 5b) . It is a very important conclusion that the TSO parameter was equal to 5.1 mm. On the other hand, for many cases where TSO was smaller than this value and PGF was smaller than 65 l/min, the dross adherence quality factor was equal to 4. This illustrates the necessity to consider the effect of optimising process settings on multiple edge quality factors rather than one factor alone. The more detailed analysis by means of 2D data visualisation and decision tree techniques was needed to determine the ranges of optimum values of operating parameters. The 2D data visualisation method was necessary to estimate the window of setting values for the most relevant cutting parameters. An example of a 2D data visualisation chart is given in Fig. 6 . This plot can be used to aid finding boundary values of laser beam power and cutting speed parameters for steel plate grade S890Q (t = 15 mm) for a dross adherence quality criterion. In this part of study, a decision tree was also chosen as a tool to help identifying general rules that can be useful for further decision analysis. It was decided to use leave-one-out cross-validation (LOOCV) as a technique for assessing how the results of a decision analysis might generalise to an independent data set. In brief, LOOCV involves using a single sample from the original data set as the validation data, and the remaining samples as the training data. This is repeated such that each sample in the data set is used once as the validation data. The construction of a decision tree requires a relatively large data set. Therefore, it was decided to replicate proportionally every sample from the considered sets and put the samples in random order. The example result of decision tree algorithm is shown in Fig. 7 . This diagram presents an example of the obtained classification rule relating to quality level of perpendicularity for plasma cutting of the S355MC steel strip of 8-mm thickness. It can be noted herein that the rule may be formulated as follows: if plasma gas flow rate is greater than or equal to 0.75 l/min and cutting speed is less than 2.2 m/min, then quality level of deflection of perpendicularity equals 2.
On the basis of the stated windows of optimum laser and plasma arc cutting parameters of each material and partially positive results of bending tests additional measurements of thickness reduction a (quality tests as per the BS EN ISO 9013) of selected laser and plasma cut specimens at parameters inside windows of optimum laser cutting parameters were carried out. For each case, the thickness reduction did not exceed the acceptance limits.
The concluding outcomes of all analyses are summarised in Tables 6 and 7 . The analysis of the influence of selected laser cutting parameters on the quality of cut edges (8-mmthick strip steels of grades S355MC and S700MC) indicates an influence of the chemical composition. The quality of laser cut edges of steel strip grade S700MC is distinctly lower than grade S355MC and only class 2 geometrical quality can be achieved. Results of the geometrical quality evaluation of laser cut edges by Rz5, u, DA and a of 8-mm-thick strip in grades S3555MC and S700MC indicate that laser beam power and cutting speed have the strongest influence on the quality and that DA and Rz5 are the most sensitive quality indicators.
For all selected laser cutting parameters, perpendicularity u is in class 1 or 2 and thickness reduction a is within limits of acceptability. Bend performance of laser cut edges of steel strip of both grades S355MC and S700MC is good; all types of bend test specimens showed maximum plasticity. Geometrical quality of laser cut edges of steel plate grade in S890Q (t = 15 mm) tested on specimens cut at a very wide range of cutting parameters is at most class 2 whilst mechanical properties are low; just 7 specimens of 17 achieved a bend angle of 180˚. The widest window of optimum parameters is for the geometrical criterion u, the narrowest for DA and Rz5. Thickness reduction value a is within the limits of acceptability. Collected results of geometrical quality measurements and bend tests indicate that just one set of laser cutting parameters can guarantee class 2 of geometrical quality and high plastic properties of cut edges. Assuming that for specific industrial applications one geometrical quality criteria can be omitted (e.g. dross adherence or surface smoothness Rz) the range of optimum parameters can be wider (see Table 6 ). Taking into account the economic aspects of industrial laser cutting, optimum advised parameters for laser cutting parameters of all three steel grades tested should be set at maximum laser beam power and maximum cutting speed.
The analysis of the influence of selected plasma arc cutting parameters on the geometrical quality of cut edges (for 8-mm-thick steel strip grades S355MC and S700MC) indicates that the influence of chemical composition is also evident, but not as strong as for the laser cutting process. The quality of plasma arc cut edges of steel strip grade S700MC is lower than grade S355MC and only class 3 was achieved, taking into account results of all geometrical quality criteria.
Results of the geometrical quality evaluation of plasma cut edges by means of Rz5, u and DA (for 8-mm-thick strip in grades S3555MC and S700MC) indicate clearly that plasma arc current and cutting speed have the strongest influence on the quality. However, perpendicularity and dross adherence are the most sensitive quality indicators. For all selected plasma arc cutting parameters, roughness and dross adherence are in class 1 for both steel strip grades S355MC and S700MC but perpendicularity is mostly in the class 3. For all the specimens tested, thickness reduction is within the limits of acceptability.
Bend properties of plasma cut edges of steel strips of both grades S355MC and S700MC are very good. All types of bending test specimens have shown maximum plasticity of 180˚. The geometrical quality of plasma arc cut edges of steel plate grade S355M (t = 25 mm) tested on specimens cut at a very wide range of cutting parameters is at most the 2nd class but bend test performance is good. A 180˚bend angle was achieved for all specimens which was not the case for the laser cut steel plate grade S890Q (t = 15 mm).
For all the selected plasma arc cutting parameters, roughness Rz5 is in class 1, perpendicularity is mostly in the class 2 and 3 and dross adherence is in class 1 or 4. The widest window of optimum parameters is for geometrical criterion Rz5 and the narrowest for u and DA. Thickness reduction value is inside the limits of acceptability. Combined results of geometrical quality measurements and bend tests indicate that just one set of plasma arc cutting parameters can assure class 1 of the geometrical quality (but DA quality criterion is not included). However, cut edges show very high plastic properties. Assuming that for specific industrial applications, one of the geometrical quality criteria can be omitted, specifically perpendicularity and/or dross adherence, the range of optimum parameters can be much wider (see Table 7 ). Taking into account the economic aspects of industrial plasma arc cutting, the optimum advised cutting (10) parameters for all the three steel grades tested should be maximum plasma arc current and maximum cutting speed. Additional analysis of plasma arc and laser beam cut edges indicates that plasma cutting gives consistently highest quality in terms of roughness but that laser cutting gives the highest class of perpendicularity. Measurements of dross adherence quality parameter indicate that the process windows are narrower in laser cutting than plasma cutting for achieving an easily removable dross. Very sharp bending tests (former radius r = t) of plasma arc and laser beam cut specimens indicted very high quality of straight cut edges of all specimens except laser cut specimens of steel plate grade S890Q (t = 15 mm). In particular, 10 of 17 tested specimens cracks occurred at bending angles in the range 45-135˚, narrowing strongly the windows of optimum laser cutting parameters (see Table 8 ). The effect of steel chemical composition on geometrical quality for plasma arc and laser cutting processes is visible. Specimens of higher-grade steels show lower geometrical quality and in the case of steel plate grade S890Q (t = 15 mm) lower bend performance as well (see Table 8 ).
Conclusions
The paper is focused on experimental investigations of the influence of laser beam and plasma arc cutting parameters on edge quality of a range of steel grades and thicknesses. In this study, the effect of laser beam cutting parameters on the geometrical and mechanical quality of cut edges of strips and plates with different thicknesses and grades has been analysed. The authors examined the wide range of the main laser cutting parameters such as laser beam power, cutting speed, laser beam focus position and assist gas (oxygen) pressure. On the other hand, the influence of plasma arc cutting parameters on the geometrical and mechanical quality factors was also investigated. However, the major plasma arc cutting parameters were plasma arc current, torch standoff, cutting speed and plasma gas (oxygen) flow rate. Multidimensional visual data analysis, rank correlation analysis and decision tree techniques were used to elucidate the most relevant cutting parameters as well as the optimal field of values of these parameters to give the required geometrical and mechanical quality levels. As a result of these analyses, the ranges of setting values of relevant cutting parameters in the form of general rules for both cases were obtained.
The final result of the study can be adopted for the development of cutting procedure specifications, as well as for providing a comparison between the surface qualities achievable by the different combinations of cutting parameters for laser beam and plasma arc cutting processes of medium-and high-strength steels. The parallel direction of the research is that general rules to be applied in order to create the knowledge base of an expert system which can be used to support CNC machine operators in setting optimal values of cutting parameters.
